Nitric oxide (NO) is a multifunctional gaseous molecule that plays important roles in mammalian reproductive functions, including follicular growth and development. Although our previous study showed that NO mediated 3, 5, 3 0 -triiodothyronine and follicle-stimulating hormone-induced granulosa cell development via upregulation of glucose transporter protein (GLUT)1 and GLUT4 in granulosa cells, little is known about the precise mechanisms regulating ovarian development via glucose. The objective of the present study was to determine the cellular and molecular mechanism by which NO regulates GLUT expression and glucose uptake in granulosa cells. Our results indicated that NO increased GLUT1/GLUT4 expression and translocation in cells, as well as glucose uptake. These changes were accompanied by upregulation of cyclic guanosine monophosphate (cGMP) level and cGMP-dependent protein kinase (PKG)-I protein content. The results of small interfering RNA (siRNA) analysis showed that knockdown of PKG-I significantly attenuated gene expression, translocation, and glucose uptake. Moreover, the PKG-I inhibitor also blocked the above processes. Furthermore, NO induced cyclic adenosine monophosphate response element binding factor (CREB) phosphorylation, and CREB siRNA attenuated NO-induced GLUT expression, translocation, and glucose uptake in granulosa cells. These findings suggest that NO increases cellular glucose uptake via GLUT upregulation and translocation, which are mediated through the activation of the cGMP/ PKG pathway. Meanwhile, the activated CREB is also involved in the regulation. These findings indicate that NO has an important influence on the glucose uptake of granulosa cells. (Endocrinology 159: 1147(Endocrinology 159: -1158(Endocrinology 159: , 2018 
F olliculogenesis and follicular development are complex and highly selective processes; .99% of the follicles undergo atresia during the ovarian cycle in life. Follicular development is regulated by endocrine, autocrine, and paracrine factors. The transition from preantral to early antral is the penultimate stage in terms of gonadotropin dependence (1) . It is also a critical stage of follicular development, as it is highly susceptible to atretogenic signals that determine follicle destiny (survival/ growth vs atresia).
Glucose as a major energy substrate is essential to ovarian growth. The utilization of glucose is facilitated by a family of glucose transporter proteins (GLUTs), including 14 identified members in the GLUT family (2, 3) . These transporters exhibit differential tissue localization and functional characteristics, with considerable interspecies differences. However, GLUT1-4 are major contributors to glucose uptake owing to their high affinity for glucose in various tissues (4) (5) (6) (7) (8) . It has been reported that GLUT1-4 are detected in rat ovaries (9) (10) (11) . Our previous results showed that 3, 5, 3 0 -triiodothyronine (T 3 ) combined with follicle-stimulating hormone (FSH) to potentiate cellular glucose uptake via regulating the expression and translocation of GLUT1/4 upregulation in granulosa cells. Nitric oxide synthase (NOS)/nitric oxide (NO) are also involved in this regulatory network (12) .
NO is a multifunctional gaseous molecule. Accumulating evidence suggests that NO is involved in multiple cellular and biological processes (13) . Moreover, NO is also important to female reproduction including follicle growth, ovulation, oocyte maturation, corpus luteum function and steroidogenesis (14) (15) (16) (17) . It has been reported that NO has multiple effects, such as inhibiting granulosa cell apoptosis, increasing estradiol levels and promoting follicular development (18) (19) (20) .
NO is synthesized from L-arginine, reduced form of NAD phosphate, and oxygen by a family of enzymes termed NOS. There are three isoforms of NOS: neuronal NOS (nNOS/NOS1), inducible NOS (iNOS/NOS2), and endothelial NOS (eNOS/NOS3). Although NOSs are detected in the ovary, their expression and activity are highly dependent on species, cell type, and stage of ovarian development (21, 22) . Only NOS3 is regulated by FSH and T 3 in granulosa cells. Our previous study also showed that NO is also involved in T 3 -and FSHinduced follicular development via GLUT upregulation and glucose uptake (12) . However, the precise underlying mechanism by which NO regulates glucose uptake in granulosa cells is not understood.
It is well known that NO regulates many biological functions through cyclic guanosine monophosphate (cGMP)-dependent signaling in different cells. NO binds to soluble guanylyl cyclase (sGC) and sharply increases sGC activity. sGC converts guanosine triphosphate into cGMP, increasing the intracellular concentrations of cGMP. The latter initiates a variety of downstream signaling events, one of which is to combine and activate its major cellular receptor, cGMP-dependent protein kinase (PKG) (23) . However, whether and how NO/cGMP/PKG signaling modulates follicular development is not known.
The transcription factor cyclic adenosine monophosphate response element binding factor (CREB) plays a critical role in many physiological activities. Many reports have noted that CREB is phosphorylated by PKG in different cells (24) (25) (26) (27) . Furthermore, the expression of GLUT1 is elevated by CREB/CBP (CREB protein) in mouse embryonic stem cells (28) . However, the role of activated CREB in GLUT expression remains uncertain.
In the present study, we investigated the cellular mechanisms of NO-induced granulosa cell GLUT expression and the possible involvement of cGMP/PKG in these processes. We demonstrated that NO increases the expression of GLUT1 and GLUT4, which are associated with increased glucose uptake by granulosa cells. Additionally, NO increased GLUT translocation to the plasma membrane. These responses are mediated by the activation of cGMP/PKG pathways, and CREB also plays a regulatory role in this system.
Materials and Methods

Reagents and antibodies
All chemicals and culture media components used in the present study were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise specified. Culture media were purchased from Gibco Bethesda Research Laboratories (Grand Island, NY). The enhanced chemiluminescence detection kit was obtained from Amersham Life Science (Oakville, ON, Canada). Acrylamide (electrophoresis grade), N,N 0 -methylene-bis-acrylamide, ammonium persulfate, glycine, and sodium dodecyl sulfate-polyacrylamide gel electrophoresis prestained molecular mass standards were products of Bio-Rad Laboratories (Richmond, CA). Rabbit polyclonal anti-GLUT1 (ab652) and rabbit polyclonal anti-GLUT4 (ab654) antibodies were purchased from Abcam (Cambridge, MA). Rabbit monoclonal anti-PKG-1 (3248), rabbit polyclonal antiNa,K-adenosine triphosphatase (3010), rabbit monoclonal anti-CREB (9197), and phospho-CREB (Ser 133 ) antibody were from Cell Signaling Technology (Danvers, MA). Mouse monoclonal anti-b-actin (sc-81178) and horseradish peroxidase (HRP)-conjugated anti-rabbit and anti-mouse IgG were from Santa Cruz Biotechnology (Beijing, China).
A RevertAid first-strand complementary DNA (cDNA) synthesis kit and TRIzol reagent were obtained from Thermo Fisher Scientific (Waltham, MA), and a SYBR Green polymerase chain reaction (PCR) kit was purchased from Bio-Rad Laboratories. PCR primers for GLUT1, GLUT4 and 18S ribosomal RNA (rRNA) were from Beijing Sunbiotech (Beijing, China). PKG inhibitor KT5823 was purchased from Beyotime Biotechnology (Beijing China). A cGMP assay kit purchased from Cell Signaling Technology was used to determine cGMP levels in cells. The 2-deoxyglucose (2-DG) uptake measurement kit purchased from Cosmo Bio (Tokyo Japan) was used to detect glucose uptake level. The cell counting kit-8 (CCK-8) was purchased from Dojindo (Kumamoto, Japan). Lipofectamine 3000 was purchased from Invitrogen (Carlsbad, CA).
Animal treatments
Twenty-one-day-old Sprague-Dawley rats were (Beijing Vital Laboratory Animal Technology, Beijing, China) maintained on 12-hour light/12-hour dark cycle and received pathogen-free water and food. Rats were injected subcutaneously with diethylstilbestrol (1 mg/d; 3 days), which induces more preantral and early antral follicles (12, 29, 30) , and ovaries were collected at 72 hours after euthanization by cervical dislocation. All procedures were carried out in accordance with the Principles of the Care and Use of Laboratory Animals and China Council on Animal Care and were approved by the Institutional Animal Care and Use Committee of Capital Normal University (approval no. 2016017).
Preantral follicle isolation and culture
Ovaries of 14-day-old rats were removed and placed in 2.5 ml of Leibowitz L15 medium supplemented with 10% fetal calf serum, 100 U/mL penicillin, and 100 mg/mL streptomycin.
Large preantral follicles (diameter, 150 to 180 mm) were isolated using a 26-gauge needle. To minimize the experimental variation caused by damage incurred during the isolation procedures, only round follicles with an intact basement membrane and thecal layer were selected for the present studies. Follicles were cultured individually in a 96-well plate in 100 mL of a-minimum essential medium supplemented with HEPES (10 mM), bovine serum albumin (0.1%, weight-to-volume), bovine insulin (5 mg/mL), transferrin (2 mg/mL), ascorbic acid (25 mg/mL), sodium selenite anhydrous (2 ng/mL), L-glutamine (3 mM), sodium pyruvate (100 mg/mL), streptomycin (100 mg/ mL), and penicillin (100 U/mL), with or without S-nitroso-Nacetyl-DL-penicillamine (SNAP; 100 mM). The diameter of the follicle was measured every day as the average of distance between the outer edges of the basement in two perpendicular planes. The results were calculated as follows: the percentage change of follicular volume = [(V n 2 V 0 )/V 0 ] 3 100%, where V n is the follicular volume on day n and V 0 is the initial volume of the follicles. The culture medium was changed every other day.
Rat granulosa cell isolation and culture
Rat granulosa cell isolation and culture processes were performed as described previously (12) . Simply, granulosa cells were released by follicular puncture from large preantral and early antral follicles. The cell clumps and oocytes were removed by filtering the cell suspensions through a 40-mm nylon cell strainer (Becton Dickinson and Co., Franklin Lakes, NJ; no. 352340). The viability of cells was estimated by a Trypan blue dye exclusion test. Granulosa cells (9 3 10 5 viable granulosa cells per plate in a six-well plate) were cultured in M199 with fetal bovine serum (10%, weight-to-volume) for 6 hours. The media were then replaced with serum-free M199 supplemented as above for 12 hours thereafter and cells were treated with SNAP, a nitrosothiol derivative. In some experiments, cells were pretreated with a cell-permeable cGMP analog, 8-bromoguanosine 3 0 ,5 0 -cyclic monophosphate sodium salt (8-Br-cGMP, 1 mM), sGC inhibitor 1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one (ODQ; 1 mM), or PKG inhibitor KT5823 (1 mM) 1 hour before SNAP treatment, respectively. Cells were maintained at 37°C under humidified atmosphere (5% CO 2 ).
For RNA interference, granulosa cells were transfected (48 hours) with PKG small interfering RNA (siRNA) or CREB siRNA and scrambled sequence control (GenePharma, Shanghai, China), respectively, using Lipofectamine 3000 (Invitrogen) according to the manufacturer's instructions.
Western blot analysis
Western blot analysis was performed as described previously (12) . Whole-cell lysates were prepared by incubating cell pellets for 30 minutes at 0°C in lysis buffer (Beyotime Biotechnology, Shanghai, China), and protease and phosphatase inhibitor cocktails (Sigma-Aldrich) were added to buffers before use. The supernatant was collected by centrifugation (15,000 3 g, 4°C, 30 minutes) and protein concentration was determined with the BCA protein assay kit (Beyotime Biotechnology). The protein samples (15 to 80 mg, depending on individual experiments) were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electrotransferred onto the nitrocellulose membrane. The membranes were then blocked in tris-buffered saline with Tween 20 buffer (20 mM Tris-HCl, 150 mM NaCl, and 0.05% Tween 20; pH 7.5) containing 5% dehydrated nonfat milk at room temperature for 1 hour and subsequently incubated (4°C, overnight) with diluted primary antibody [polyclonal anti-GLUT1 (1:500), polyclonal anti-GLUT4 (1:2000), rabbit monoclonal anti-PKG-I (1:1000), rabbit polyclonal anti-Na,K-ATPase (1:1000), rabbit monoclonal anti-CREB (1:500), or b-actin (1:10,000)], followed by HRPconjugated secondary antibody (1:1000 to 1:10,000; 1.5 hours, room temperature). Peroxidase activity was visualized with the enhanced chemiluminescence kit according to the manufacturer's instructions. Protein content was determined by densitometrically scanning the exposed x-ray film. Immunoreaction signals were analyzed using Gel-Pro Analyzer 4.0.
RNA extraction, cDNA synthesis, and real-time PCR analysis
Total RNAs were extracted from cultured granulosa cells with TRIzol reagent (Invitrogen) according to the manufacturer's protocol, and then washed in 75% ethanol and dissolved in RNase-free distilled water. cDNAs were produced from 0.2 mg of total RNAs by reverse transcription. Gene expression was measured by real-time PCR and normalized to 18S rRNA. Specific primer pairs used in the experiments are listed in Table 1 . Data were analyzed by the 2 2DDCT method (31).
cGMP level assay
Granulosa cells were cultured with or without SNAP (100 mM). The cells were harvested at 15 minutes, 30 minutes, 1 hour, 3 hours, 6 hours, 12 hours, and 18 hours, respectively. The cGMP level was detected by a cGMP assay kit according to the manufacturer's protocol. Briefly, cells were rinsed twice with ice-cold phosphate-buffered saline (PBS) and kept in lysis buffer on ice for 5 to 10 minutes. The 50-mL sample and 50-mL HRPlinked cGMP solution were transferred to the cGMP assay plate. Next, the plate contents were discarded and washed four times with wash buffer. After that, the sample was incubated with 100 mL of tetramethylbenzidine substrate for 30 minutes at room temperature. After adding 100 mL of STOP solutions, the absorbance was measured at 450 nm. The cGMP concentration was calculated according to the standard curve. 
Plasma membrane protein isolation
To investigate whether NO regulated GLUT1 and GLUT4 translocation to the plasma membrane, the plasma membrane of a granulosa cell was isolated by a Minute plasma membrane protein isolation kit (Invent Biotechnologies, Plymouth, MN) according to the manufacturer's instructions. Briefly, granulosa cells were first sensitized followed by a series of centrifugation steps to remove the nucleus, cytosol, and organelle membrane, respectively. Thus, the cell membrane was obtained.
Immunofluorescence cell staining
The rat granulosa cells were cultured in poly-D-lysine-coated (0.05% weight-to-volume; Sigma-Aldrich) eight-well glass culture slides (Becton Dickinson and Co.) used for immunofluorescence analysis. After treatment with or without SNAP for 24 hours, the cells were fixed in 4% paraformaldehyde for 30 minutes, permeabilized with 0.1% Triton X-100 for 5 minutes, and then blocked in PBS buffer containing 5% bovine serum albumin at room temperature for 30 min. The cells were subsequently incubated with polyclonal anti-GLUT1 (1:200 dilution in blocking solution) or polyclonal anti-GLUT4 (1:200 dilution in blocking solution), respectively, at 4°C overnight. The samples were then incubated with Alexa Fluor 488-conjugated secondary antibody (1:400 dilution in blocking solution; Jackson ImmunoResearch Laboratories, West Grove, PA) at 37°C for 1.5 hours. After washing with PBS three times, samples were incubated with DiI (red, membrane stain) (32, 33) and 4 0 ,6-diamidino-2-phenylindole (blue, nuclear stain) for 10 minutes at room temperature and then washed in PBS three times. After that, the coverslips were mounted on object slides using fluorescent mounting medium. Immunofluorescence was visualized using an immunofluorescence microscope (Olympus BX51), and images were recorded by using a DP70 digital camera (Olympus Optical Co., Tokyo, Japan).
Glucose uptake assay
Glucose uptake levels were determined using a 2-DG measurement kit (Cosmo Bio Co., Tokyo, Japan) in accordance with the manufacturer's protocol. Briefly, granulosa cells were cultured up to 24 hours in the presence of SNAP with or without inhibitors as mentioned above, and then the cells were incubated in serum-free medium for 6 hours. After washing three times in PBS, the cells were incubated in 2-DG solution at 37°C for 20 minutes. Cell lysates were collected after washing the cells three times again and then heated at 80°C for 15 min. The samples were centrifuged (4°C, 15,000 3 g) for 20 minutes and transferred to a new tube. The optical density (OD) value was detected using a microplate detector at 420 nm. The concentration of each sample was measured in triplicates and calculated using the standard curve supplied in the kit.
Analysis of cell viability
Cell activity was detected by the CCK-8 (Dojindo), which is based on the dehydrogenase activity detection in viable cells. The amount of the formazan dye generated by dehydrogenases in cells is directly proportional to the number of living cells. In the present study, granulosa cells were cultured with SNAP in 96-well plates and then incubated with 10 mL of CCK-8 solution at 37°C for 2 hours. The OD values in each well were recorded using a microplate reader at 450 nm. The mean OD values for each treatment were used as the index of cell viability.
Statistical analysis
The experiments were repeated at least three times, as detailed in the figure legends. Experimental data are presented as means 6 standard error of the mean. The statistical differences between treatments were calculated with t test, one-way analysis of variance, or two-way (repeated-measures) analysis of variance (Prism 5.0 statistical software; GraphPad Software, San Diego, CA). When significant differences were found, means were compared by the Bonferroni posttest. A P value , 0.05 was considered to be significant.
Results
Effect of NO on follicular growth and GLUT expression in vitro
To evaluate the effect of NO on preantral follicle development, follicles were cotreated with SNAP for 4 days. The follicular volume change curve during the 4-day culture period is presented in Fig. 1A . Preantral follicles cultured in the presence of SNAP were significantly increased (day 4, 119.54 6 1.37 vs 59.93 6 2.59, P , 0.001). Meanwhile, SNAP also gradually increased glucose uptake (P , 0.01, Fig. 1B) . Moreover, SNAP statistically increased GLUT1 (1.74 6 0.11 vs 1.00 6 0.09, P , 0.05, Fig. 1C ) and GLUT4 (1.41 6 0.17 vs 1.02 6 0.07, P , 0.05, Fig. 1D ) messenger RNA (mRNA) levels. However, the upregulation of GLUT1 and GLUT4 by SNAP was significantly attenuated by ODQ and KT5823 (Fig. 1C and 1D) .
NO increased granulosa cell development
To determine whether NO affected the growth of granuloasa cells, we investigated cellular development after treatment with various concentrations (0, 50, 100, 200, and 500 mM) of SNAP. As shown in Fig. 2 , SNAP induced a peak of cellular viability at 100 mM compared with the control group [2.01 6 0.11 (SNAP) vs 0.88 6 0.01 (control), P , 0.001].
Effects of NO on granulosa cell GLUT expression
In our previous study we showed that T 3 -and FSHinduced GLUT1 and GLUT4 expressions are attenuated by NOS3 knockdown in rat granulosa cells. To examine whether NO regulates GLUT1 and GLUT4, we cultured granulosa cells with SNAP for 24 hours. As shown in To understand more fully whether the content of GLUT1 and GLUT4 is regulated at the mRNA level by NO, we determined GLUT mRNA abundance using real-time PCR analysis. Granulosa cells were cultured with SNAP for 24 hours. The results showed that GLUT1 and GLUT4 mRNA levels were significantly increased at 12 hours [GLUT1, 3.73 6 0.04 (SNAP) vs 1.01 6 0.11 (control), P , 0.001, Fig. 3C ; GLUT4, 3.89 6 0.06 (SNAP) vs 0.98 6 0.54 (control), P , 0.001, Fig. 3D ] and 18 hours [GLUT1, 5.26 6 0.05 (SNAP) vs 1.10 6 0.14 (control), P , 0.001, Fig. 3C ; GLUT4, 5.69 6 0.25 (SNAP) vs 1.05 6 0.06 (control), P , 0.001, Fig. 3D ] after SNAP treatment. These results suggest that increased gene transcription may at least partly account for the increased protein content induced by SNAP.
Involvement of the cGMP/PKG pathway in NO-induced GLUT expression and glucose uptake
To determine whether the cGMP/PKG signaling pathway is involved in the regulation of GLUT expression by NO, we next examined the intracellular cGMP levels after SNAP treatment. We noticed that intracellular cGMP levels were increased with the duration of treatment, reaching a peak at 1 hour after SNAP treatment [425.13 6 9.97 (SNAP) vs 10.63 6 0.66 (CTL), P , 0.001, Fig. 4A ]. We also detected phospho-vasodilator-stimulated phosphoprotein content after SNAP treatment, which is originally characterized as a substrate of PKG (34) (Supplemental Fig. 2) . We then pretreated cells with or without 8-Br-cGMP (cGMP analog, 1 mM), ODQ (sGC inhibitor, 10 mM), or KT5823 (PKG inhibitor, 1 mM) before SNAP treatment. Western blot analysis carried out after 24 hours revealed that the expression of GLUT1 and GLUT4 were significantly higher in the 8-Br-cGMP group, which was similar to the effect of SNAP treatment. However, these effects were abolished after coculture with ODQ or KT5823 [GLUT1, 1.19 6 0.11 (8-Br-cGMP) vs 0.62 6 0.03 (control), P , 0.01; GLUT4, 1.24 6 0.04 (8-Br-cGMP) vs 0.86 6 0.02 (control), P , 0.05, Fig. 4B ]. Glucose levels followed a pattern similar to GLUT1/4 [3.02 6 0.13 (8-Br-cGMP) vs 1.76 6 0.14 (control), P , 0.001; 2.80 6 0.09 (SNAP) vs 1.76 60.14 (control), P , 0.01, Fig. 4C ]. SNAP-induced GLUT expression and glucose uptake were also significantly attenuated by PKG knockdown [GLUT1, 0.85 6 0.03 (PKG siRNA) vs 1.59 6 0.09 (SNAP), P , 0.05; GLUT4, 1.13 6 0.08 (PKG siRNA) vs 1.68 6 0.04 (SNAP), P , 0.05, Fig. 5A ; glucose, 1.45 6 0.18 (PKG siRNA) vs 2.86 6 0.12 (SNAP), P , 0.01, Fig. 5B ].
cGMP/PKG mediated NO-induced GLUT translocation
The previous results showed that NO increased glucose uptake through cGMP/PKG signaling. Because glucose is actively transported into cells via GLUTs, we next investigated whether NO regulated the plasma membrane translocation of GLUT1 and GLUT4. Western blot analysis experiments indicated that the GLUT1 and GLUT4 expression on the cell membrane were increased after SNAP treatment [GLUT1, 1.17 6 0.12 (SNAP) vs 0.66 6 0.04 (control), P , 0.05; GLUT4, 1.20 6 0.06 (SNAP) vs 0.72 6 0.06 (control), P , 0.05, Figure 3 . Effects of NO on granulosa cell GLUT expression in vitro. (A and B) Granulosa cells were collected after cotreatment with SNAP (100 mM) for 18 hours and 24 hours, and GLUT1 and GLUT4 proteins were detected by western blot analysis. (C and D) Cells were treated with SNAP (100 mM) up to 24 hours (6, 12, 18, and 24 hours) for GLUT1 (B) and GLUT4 (C) mRNA analysis by real-time PCR. mRNA abundance was normalized using 18S rRNA. *P , 0.05, **P , 0.01, ***P , 0.001, compared with control. CTL, control. Fig. 6A ], but that GLUT translocation was blocked by PKG siRNA [GLUT1, 0.70 6 0.07 (PKG siRNA), P , 0.01; GLUT4, 0.74 6 0.03 (PKG siRNA), P , 0.01, Fig. 6A ]. We confirmed these results by immunofluorescence cell staining. As shown in Fig. 6 , we found that both GLUT1 and GLUT4 were weakly present on the cell membrane and in the cytoplasm in the control group. After SNAP treatment of 24 hours, expression of GLUT1 (Fig. 6B) and GLUT4 (Fig. 6C) on the cell membrane was increased, and GLUT translocation was also attenuated by PKG knockdown.
Role of CREB in NO-induced GLUT expression
To determine whether NO activates CREB in granulosa cells in vitro, granulosa cells were incubated with SNAP for 12 hours and phospho-CREB content was determined. We found that phospho-CREB content was significantly higher in granulosa cells incubated with SNAP [1.05 6 0.06 (SNAP) vs 0.47 6 0.04 (control), P , 0.05, Fig. 7A ]. However, gene knockdown of PKG decreased the levels of phospho-CREB [0.61 6 0.02 (PKG siRNA), P , 0.05, Fig. 7A] .
To determine the role of the activated CREB in GLUT expression, granulosa cells were transfected with CREB siRNA and then treated with SNAP for 24 hours (Fig. 7B) . Although GLUT1 and GLUT4 protein content were upregulated by the presence of SNAP, this effect was significantly attenuated by CREB knockdown [GLUT1, 0.64 6 0.09 (PKG siRNA) vs 1.38 6 0.07 (SNAP), P , 0.01; GLUT4, 1.29 6 0.08 (PKG siRNA) vs 1.63 6 0.06 (SNAP), P , 0.05, Fig. 7B ].
Discussion
In the present study, we investigated the role of NO in rat granulosa cells. We demonstrated that SNAP, as an NO donor, increased GLUT1 and GLUT4 expression and translocation through the cGMP/PKG pathway in granulosa cells in vitro, and that activated CREB also played a regulatory role. To the best of our knowledge, Figure 4 . Involvement of the cGMP/PKG pathway in NO-induced GLUT expression and glucose uptake. (A) After cotreatment with SNAP (100 mM), granulosa cells were harvested at 15 minutes, 30 minutes, 1 hour, 3 hours, 6 hours, 12 hours, and 18 hours, respectively. Next, the cGMP level was detected by a cGMP assay kit. (B and C) Granulosa cells were pretreated with or without 8-Br-cGMP (cGMP analog, 1 mM), ODQ (sGC inhibitor, 10 mM), or KT5823 (PKG inhibitor, 1 mM) before SNAP treatment. The proteins levels of GLUT1 and GLUT4 contents (B) and cellular glucose uptake (C) were assessed by western blot analysis and 2-DG measurement, respectively. *P , 0.05, **P , 0.01, ***P , 0.001, compared with control.
this is the first study to show that NO, PKG, and CREB have important roles in the expression of GLUTs in rat granulosa cells in vitro.
Glucose is the main energy substrate in the rat ovary, and a sufficient supply of glucose is essential for the maintenance of ovarian function. It has been reported that glucose cannot freely pass through the cell membrane and that glucose uptake is mediated by transporter proteins. Therefore, GLUT expression and activity play vital roles in ovary physiological function (5, 35) . In our previous study, we detected GLUT1-4 in the granulosa cells. At the same time, we also found that GLUT1 and GLUT4 are regulated by T 3 and FSH, and these processes are mediated by NO (12) . In the present study, we found that NO increased GLUT1 and GLUT4 expression at both the transcriptional and translational levels, the results of which are consistent with our previous results. It is well known that GLUT1 is ubiquitously expressed in all organs, including ovaries, and that its expression is closely related to the basal level of glucose uptake in most cell types (5, 35, 36) . GLUT4 is abundantly expressed in many tissues, and it plays important roles in whole-body glucose homeostasis (7). GLUT4 is a primary factor that determines the maximal rate of glucose transport (37) . Moreover, most GLUT4 is stored in the membranous vesicles in the cytoplasm under the normal resting state. Figure 5 . Role of PKG in NO-induced GLUT expression and glucose uptake in vitro. Granulosa cells were transfected with PKG siRNA (scrambled sequence as control) for 48 hours using Lipofectamine 3000 and then treated with SNAP for another 24 hours. GLUT1 and GLUT4 contents (A) and cellular glucose uptake (B) were assessed by western blot analysis and 2-DG measurement, respectively. *P , 0.05, **P , 0.01, compared with control (without SNAP); + P , 0.05, ++ P , 0.01, compared with SNAP treatment group.
Once stimulated, GLUT4 is transported to the cell membrane, where it increases the cellular glucose uptake. Our results showed that SNAP increased the expression of GLUT1 and GLUT4 on the cell membrane, which indicates that NO promoted GLUT translocation. The increased GLUT content and translocation stimulate cellular glucose utilization. However, the underlying mechanisms for the expression and translocation of GLUT1 and GLUT4 induced by NO have not yet been elucidated. NO exerts a variety of physiological effects that are important for the regulation of mammalian reproductive functions, including follicular growth and development (38) . In the present study, SNAP stimulated preantral follicular growth, which may have been partly caused by the upregulation of GLUT1 and GLUT4, as well as increased glucose uptake. It has been reported that NO exerts antiapoptotic effects in rat granulosa cells, which prevent ovarian follicle atresia (39) (40) (41) . The results of the present study showed that NO increased granulosa cell development at a lower dose, which indicates that the effect of NO occurs in a dose-dependent manner. This pattern is consistent with the previous reports that lower concentrations of NO stimulated the survival, growth, and antrum formation of preantral follicles in buffalo. In contrast, the higher NO concentrations inhibited preantral follicle development (42, 43) . These results indicate that NO plays different roles (inhibiting or stimulating) in granulosa cell growth depending on its concentration (15) .
It has been reported that NO activates sGC, then catalyzes guanosine triphosphate to generate cGMP. PKG is a serine/threonine-specific protein kinase that is triggered by cGMP, followed by phosphorylation of a number of biologically important targets. Many reports have demonstrated that the NO/cGMP/PKG signaling pathway plays an important role in promoting cell survival or preventing spontaneous apoptosis in human renal carcinoma cells (44) , bone marrow stromal cells (45) , neural stem/progenitor cells derived from embryonic hippocampus (46), retinal neuroglial progenitor cells (47) , neural cells (48) , and human ovarian cancer cells (49) . However, it is not known whether the cGMP/PKG pathway is involved in NO-induced GLUT expression and glucose uptake in ovarian cells. In the present study, we found that NO elevated levels of intracellular cGMP. Inhibition of the cGMP/PKG pathway decreased NO-induced GLUT expression and glucose uptake in follicles and granulosa cells. Our results suggest that the cGMP/PKG pathway plays a regulatory role in the stimulation of glucose transport and glucose uptake by NO. Moreover, our results showed that SNAP upregulated the phosphorylation level of CREB, which was blocked by PKG siRNA. CREB siRNA knockdown Figure 6 . cGMP/PKG mediated NO-induced GLUT translocation. (A) Granulosa cells were transfected with PKG siRNA (scrambled sequence as control) for 48 hours using Lipofectamine 3000 and then treated with SNAP for another 24 hours. The plasma membrane was obtained by a Minute plasma membrane protein isolation kit. Membrane proteins of GLUT1 and GLUT4 were detected by western blot analysis. (B and C) Granulosa cells were cultured on poly-D-lysine-coated (0.05% weight-to-volume; Sigma-Aldrich) eight-well glass culture slides and transfected with PKG siRNA for 48 hours, and then treated with SNAP for another 24 hours. As described in detail in Materials and Methods, the specimens were fixed and subjected to immunofluorescent staining and analyzed by confocal microscopy for GLUT1 (B, green) and GLUT4 (C, green). The nuclei were stained with DAPI (blue), and the membrane was stained with DiI (red). Scale bars, 10 mm. *P , 0.05 compared with control (without SNAP); also decreased the expression of GLUTs and glucose levels in granulosa cells. These results suggest that NO may activate the cGMP/ PKG pathway and, subsequently, the phosphorylation of CREB, then promoting the expression and translocation of GLUTs.
In conclusion, our findings demonstrate that NO is a novel positive regulator of granulosa cell development in the early stages of follicular development. As indicated by our model (Fig. 8) , NO increases GLUT1/ 4 expression and translocation, which in turn contributes to glucose uptake by granulosa cells. Moreover, the cGMP/PKG pathway mediated these regulations induced by NO, and phospho-CREB is also involved in this system. Our results enhance our understanding of the role of NO in ovarian cells. 
